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Today’s talk

* Gas production from naturally occurring gas hydrate in reservoirs
 What is methane hydrate?
* Gas production technology and process of gas hydrate dissociation

 Why we are interested in data assimilation and gas hydrate specific
agenda

* Long-term gas production test plan in Alaska

* Preliminary Data Assimilation Tests SORMNGES BRTEl-R
* Introduction
e Simulator (MH21-HYDRES) & DA Framework (PDAF)
* Data Assimilation algorithm
* Observation Data
* Simulation model

* Preliminary Data Assimilation Test (2D model)
* Casel

* (Case2

* Future Study Plan (3D model)
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Gas production from naturally occurring gas hydrate
IN reservoirs



What is methane hydrates?

« Solid material containing water and methane molecules

« Stable under high pressure and low temperature condition (>
2.7 MPa @ 0°C)

« Huge abundance in deep-water subsea sediments or under
permafrost regions

« Possible alternative natural gas resource if economically producible

How to produce gas?

« Depressurization and thermal stimulation are possible solutions.

« Depressurization method should be the most realistic solution
based on energy efficiency.

< Methane hydrate dissociation is endothermic process

« Some gas production attempts have been conducted in Japan, China,
Canada, US. (max. a few month)

« Long-term gas production behavior is still uncertain — Necessity of
long-term production test

< Uncertainty of reservoir characters

<Combustion of artificial
methane hydrate crystal

—

Gas hydrate-bearing
natural sediment in
transparent
pressure cell
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Thermo-Chemo-Hydro coupled gas production processes by
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Data obtained during gas production test

« Obtained data have been used to constrain reservoir character data through numerical history matching.
« Seismic/log/core data for initial reservoir character data; permeability k, gas hydrate saturation S,, etc.
- Gas/water rates from producer wells; Qg Q,,
« Pressure and temperature data in borehole; P, T
« For future long-term production tests, Data Assimilation can be a promising technique to improve
precision/accuracy of production test.

\ / Production rate of gas and water

« Alternation of reservoir i
. N~

character during the

operation e.g. permeability

improvement by gas hydrate

dissociation) Distribution of reservoir

properties
F

(\

aults

Gas hydrate dissociati
and property changes

Pressure and temperature at

{eholes

SN~————
* Monitoring well 1 * Production well * Monitoring well 2
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Data obtained during gas production test (2017 Nankai Trough)

« Obtained data have been used to constrain reservoir character data through numerical history matching.
« Seismic/log/core data for initial reservoir character data; permeability k, gas hydrate saturation S,, etc.
- Gas/water rates from producer wells; Qg Q,,
« Pressure and temperature data in borehole; P, T
« For future long-term production tests, Data Assimilation can be a promising technique to improve
precision/accuracy of production test.
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Process of the assimilation 7

.. i Actual measurements of gas/water rates
Initial reservoir model ensemble and P/T each time step
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Methane hydrate specific features

« THC coupling — more variables than usual reservoir modeling

 Pressure + Temperature
« Two phase flow (gas and water)
« Phase change between solid and gas/liquid

Expansion of GH dissociation front
- Actual reaction zone is limited

Strong correlation between variables
« Effective permeability <> GH saturation

* Pressure drop <> Temperature drop <> GH saturation
change

Temperature data corresponding to GH dissociation

Challenges
« Further number of variables
+ Dynamic: Qy Qu P T, S,
- Static/conventional k;,. k,(Sg)  Kn(Sw)

« Gas hydrate saturation dependent quasi-static:
Effective permeability, heat capacity and thermal conductivity:

Kerr (Sh): € (Sp)s e (Sh)

/AN

N/

Over/under burden

Heat source/small
/ Monitoring

change of
parameters Producer
— well
GH dissociated zone
\ (quasi-static)
—/ GH dissociation
front (dynamic)
—/ GH pre-dissociation
Lalb zone (small effects
A i
di iati
!keff’gy + on dissociation)
~int
= \ / Time elapsed
\ —advance of
Reservoir dissociation

front
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Long-term production trial: Plan of Alaska Productlon Test

next wmter
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« Geological settings i
« A site in Prude Bay Unit of Alaska North Slope sl e
- Two GH-bearing zones have been identified ; , £
« Existence of vertical/lateral heterogeneity and faults in “E ﬁ I

vicinity of the test location

Occurrence of gas hydrate in upper (D) and lower (B) zones seen in log and core samples (METI, 2019

. Operation and monitoring p|an https://www.meti.go.jp/shingikai/energy_environment/methane_hydrate/pdf/036_04_00.pdf
» Max. one-year long gas production by depressurization cow PTWz PTWA sTW 2018) m
« Two producer holes - one by one operation ST
- GH dissociation by depressurization method B 118 | S —
- Several months continuous flow %‘*L ______________________________ T
- Two monitoring holes | I oo X _
« PT measurements in all holes = ™ o\ | RetEmgt
_ _ R TR | She \ e
 Points of interest é — AN X e
« Risk of development of skin e B NG VA
- Excess water production from water-bearing zone o {?%,.m e ngf/ \«‘_\:“\\ . Scoess I PT

» Free gas production from deeper zone

« Effects of existing faults Boswell 2020




Preliminary Data Assimilation Tests
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Simulator & Data Assimilation Framework
€ Simulator: MH21-HYDRES

THC(Thermo-Hydro-Chemical) and multiphase reservoir simulator developed for gas
hydrate production simulation by JOE and AIST .

2D Radial Coordinate Model 3D Cartesian Coordinate Model

Core Test Const. T boundary

-

Const. P
boundary

Full Field Study

Depres-
suriza-
tion

Horizontal well

®

COmpaction

Single Well Test . Production well

'—-___-

P——

% 1
hot water, inhibitor

€ Data Assimilation Framework: PDAF

The Parallel Data Assimilation Framework developed by Computing
Center of the Alfred Wegener Institute.

MyﬂrawinSand MHZ21-S
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Data Assimilation orithm

40000 40000
— 35000 Assimilating observation data in —~ 35000  Assimilating observation
E each time step sequentially % 20000 data of all the time steps
: -
s 0 g at the same time.
é 25000 3 25000
o o
% 20000 % 20000
& &
2 15000 g 15000
© K
2 10000 g 10000
5 ]
S SOO66 - &

0 = > & & 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12
Time

€ Allow to modify physical parameters
discontinuously

Considered to be suitable for highly nonlinear

system nges than filter
€ However, discontinuous physical parameter changes caused by However, lation instabilities caus y discontinuous
DA could lead to catastrophic calculation instability in MH physical paramet ificadi ever happen.
simulations In addition, iteratively application of smoother method (such

as iterative ES or ES-MDA) could improve the accuracy of DA.

R&D Consortiil pr metiiame-Hydrate-in-Sand M”Z ’-S
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Observation Data

Producer + Two observation wells [ ]

PTW1 > PTW1 (Production Term: 1 year, Bottom-hole Flowing
m\ %@ Pressure = 3 MPa const.)

O Gas/Water Production Rates

\
About 50 m \ | About 100 m

[ )

» GDW (located about 50 m west of PTW1)

// . > STW (located about 100 m east of PTW1)

: gt Results O Reservoir Pressure
SH
— Sealing "
Non-sealing 0.850
\ 0.700 .

0.550 O Reservoir Temperature
0.450
0.300
762 m 0.150

0.000

A
v
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Simulation Model

3D Model for the Long Term
Production Test

Practically not applicable to the data assimilation where
ciresus - More than 100 ensemble members are required

SH
1.000

0.850

o Faster Model than 3D =) 2D Radial Model

0.550
0.450

000 However, 2D radial models have huge representation errors

0.150

w0 (unable to express fault/lateral heterogeneity, etc.) Are they
really applicable to reservoir parameter estimation through DA?

v’ Fault/Layer Thickness Change
v Lateral Heterogeneity » Need to be evaluated

R&D Consortiil




Preliminary Data Assimilation Test
(2D Model)
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Preliminary Data Assimilation Test
@vation Data (Producer + 2 obsem
How accurately can reservoir parameters

BEEEN
2D Radial Model (huge representation errors) | be estimated?

Preliminary Data Assimilation Tests by 2D Radial Model

By extracting hypothetical observation data from the simulation results of the two
different reservoir models (2D radial & 3D Homogeneous)

» Production Rates
» Pressure/Temperature

Casel Reference: 2D Radial Model Case2 Reference: 3D Homogeneous Model
(No Representation Error) (Certain Degree of Representation Error)
/ Extracting the following data PTW "GSDO\:Vn N:Sl-cl;\(/)vm \ I;Xtr::(::jnngc ':i}:;: fs;';‘gliNE data

> Pressure/Temperature

GDW PTW STW

~50m ~100m

40 60 80 100
Radius (m)

/

|:> Estimated permeability and permeability reduction index of each layer thorough DA using Ensemble Smoother

R&D Consortiil pr metiiame-Hydrate-in-Sand M”Z ’-S
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Initial Ensembles of the Estimated Parameters
(permeability and permeability reduction index )
kabsH kabsV NH NV

850

855 {1
1]

860

@ Horizontal Absolute Permeability (k,, )
@ Vertical Absolute Permeability (k,, )

8651

. . . click

E @ Horizontal Permeability Reduction Index (N,)
£ 870 @ Vertical Permeability Reduction Index (N,)
8

875 @

K. :1— Sy
880 \
Well Log Interpretation Value
885
89?0"2 0 10 0 10
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Casel
Observation Data: 2D Model
Data Assimilation: 2D Model
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Casel Settings for Data Assimilation

0 Reference Model : 2D Radial Model
(Most likely well-log interpretation model)

Cell Results
" o0 O Observation Data for DA, and Data Acquisition Timing
0.850 PTW GDW STW
563.8m B Zone 18m 0.700 ss e ~50m ~100m
0.550 1 1
0,450 | IR | € PTW1: Cumulative Gas/Water Prod.
0.300 860 oration
0150 || b A 1 Pressure/Temperature
PO - ' | ?1 € STW: Pressure/Temperature
£ 870 . : : B Zone
0 Model for DA : 2D Radial Model g A ARy o o
(Grid Frame = Same as the Reference) 875 it . O Data Acquisition Timing:
B ‘ | AR, "L every 30 days until 240 days

Radius (m)

R&D Consortiil
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Casel Results (Observation Data: PTW1)

35000

30000 -

—_—

25000 [

Water rate (m3/d

0 100 200 300 0 100 200 300

le7

200000 |
@_ 175000 |

125000 f-frrermrmeeersmneee e ol G
: : 100000 f-frrermrmeeersoeeeee oot
R I N R 75000 fjrrrsmeerorerenei e

50000 {—|-———— A

Cumulative Gas (m?)
©
N

Cumulative Water (m

25000 | |

e
o

Blue Lines:

Red Lines:

Initial Ensemble Results

Reference Result

S 150000 1t e

— | |
i a— i i
i = i i i
i i i i
0 B ot O S

0 100 200 300 0 100 200 300
day day
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Casel Results (Observation Data: GDW &STW)
Pres. & Temp. Distribution After 240 Days

850

8551

\ 860 1 ‘ ‘

Blue Lines: Initial Ensemble Results

MH Zone

Red Lines: Reference Result

Depth (m)
[ss]
3

8751 |
i

8801 —

885 4

890

s =2 0 -40 -35 30 —35 3 2 1 o <3 3 =1~
dt_GDW (K) dp_GDW (MPa) dt_STW (K) dp_STW (MPa)
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Casel Results (Estimated Parameters)

850

Horizontal Vertical Horizontal Perm. Vertical Perm.
Abs. Perm. Abs. Perm. Reduction Index Reduction Index
(kabsH) (kabsv) (NH) (NV)

8551

A — O e —

»
8657

Blue Lines: Initial Ensemble

MH Zone
Depth (m)

o]

S

Red Lines: Reference

(A \ )
7/
B 7 Q«'\
W

LN

4
I
P

885

890 A | |, | , ; ,
1072 10° 102 1072 10° 102 0 5 10 15 0 5 10 15
PERMI-1 (mD) PERMK-1 (mD) N_PERM-1 N_PERM2-1
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Case2
Observation Data: 3D Homogeneous Model

Data Assimilation: 2D Model
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[0 Observation Data for DA, and
Data Acquisition Timing

3D Homogeneous Model
(most likely well-log interpretation model)

Non-Sealing
GDWP;I:Wl STW

Sealing

Cell Results:
SH

I'I.OOO

=0.850 Y Sealing \
MNon-sealing 1\

—0.700 !

- 10.550
—0.450

1 0.300 € PTW1: Cumulative Gas/Water Prod.
I0.1 50 Pressure/Temperature
0.000 STW data was not included in this Case

O Data Acquisition Timing:
every 30 days until 240 days

R&D Consortiil
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Case2 Results (Observation Data: PTW1)

| Water Rate

0

0 100

35000
1400
30000 Gas Rate
) < 1200
= o
3 £ 1000
E N
E Y 800
5 E
2 v 600
n
)
F g 400
200 -
L | | 0
0 100 200 300
day
leb6
: 200000 -
_ 81 Cumulative Gas Prod. ™ 175000
p £
E = 150000 -
w 6] | §
- @ 125000 -
B =
<. o 100000
2 S 750001 -
5 o
N ‘ g 50000 |
E 3 25000
O
0.
0 100 200 300
day
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Blue Lines:
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Case2 Results (Observation Data: GDW)
Data Assimilation Results After 240 Days

Blue Lines: Initial Ensemble Results

MH Zone

Depth (m)

Red Lines: Reference Result

=5 ' 0 —4.00 -3.75 —3.50 —325 -3.00 —2.75 —2.50 —2.25
dt GDW (K) dp_GDW (MPa)
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Case2 Results (Estimated Parameters)

Horizontal Vertical Horizontal Perm.
Abs. Perm. Abs. Perm. Reduction Index
(kabsH) (kabsV) (NH)

850

Vertical Perm.
Reduction Index

(Ny)

8551

860 fu

865

MH Zone
Depth (m)

2

(@]

8751

880 1

Red Lines:

Blue Lines:

Initial Ensemble

Reference

885

890 . . |
10~2  10° 102 1072 10° 102 0 5 10
PERMI-1 (mD) PERMK-1 (mD) N_PERM-1

Myﬂramins:md

15 0 5 10 15
N_PERM2-1
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Conclusion

€® We confirmed that the observation data taken from the two
reference models could be well reproduced by the data
assimilation of the 2D radial model, and reservoir properties
of the reference models could be estimated with a certain

degree of accuracy.

@ These results suggest that reservoir properties could be
estimated with a certain degree of accuracy through data
assimilation in the actual long term production test in Alaska.

R&D Consortiil




Future Study Plan
(3D Model)



Future Study Plan (3D Model) ’

Estimation of Horizontal Heterogeneity of Reservoir Properties & Fault Transmissibility

Reference Model: Model for DA: As a next step, planning to investigate how
3D Model o del o accurately the following properties of the reference
|ne* *0 e Upscaled 3D Model Ensembles 3D model could be estimated by DA of the upscaled
(100*100*264) (50*50*41) 3D model
- L. )

€ Horizontal Distribution of Representative
Reservoir Properties (S,, k,,., etc.)

@ Fault Transmissibility near the Production

Well
Calc. Time: _ If this system successfully works, data assimilation
about 5 df“’? for1 Calc. Time: using the upscaled 3D model could be possible in
year prediction about 0.2 days for 1

the long term production test in Alaska.
year prediction

m'llyﬂrawinSand
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Data Assimilation Algorithm (1/3)
Filter vs. Smoo

40000 40000
— 35000 Assifhilating observation data i —~ 35000 Assimilating observation
E ch time step sequentially E data of all the time steps
S 30000 S 30000 _
3 3 at the same time.
;ﬁ 25000 .§ 25000
§ 20000 ; 20000
& o
$ 15000 £ 15000
= 2
S S
g oo £ 10000
o] o
/= SOOOP - &

0 > > > > 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time Time

m'llydraminSand MHZ21-S




35

Data Assimilation Algorithm (2/3)
Filter

/e ™
@ Allow to modify physical parameters

40000

000 ASSiMilating observation data in
each time step sequentially

discontinuously

# Considered to be suitable for highly
nonlinear system

30000
25000

20000 € However, discontinuous physical parameter

changes caused by DA could lead to catastrophic
calculation instability in MH simulations | why?

15000

10000

Cumulative gas production (m3)

5000
Difficult to recover reservoir material

\» balance if fluids were excessively produced

from the reservoir in the past time steps/

eOLLP

Time

Seems to be difficult to apply to MH simulations

R&D Consortiil
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Data Assimilation Algorithm (3/3)
Smoother

Modifying parameters at the initial condition so
as to match observation data of all the time steps

40000

35000

T :> Relatively difficult to follow sudden physical
§ 20000 condition changes than filter
-;:‘ 25000
2 20000 However, calculation instabilities caused by
£ 15000 discontinuous physical parameter modification
2 10000 never happen.

e @ In addition, iteratively application of smoother

. , ; - . 0 5w method (such as iterative ES or ES-MDA) could
Time improve the accuracy of DA.

Seems to be more suitable to the MH reservoir simulation than filter
» Decided to use smoother types of DA algorithms in the preliminary test

R&D Consortiil
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Pressure Modification through DA
in MH simulation

20000 € Once MH dissociation begins, reservoir pressure
and temperature move along with the three phase
equilibrium curve toward the low temperature
direction.

€ At that time, pressure and temperature keep very

15000 slightly lower position of the three phase
Initial Condition equilibrium curve.
€@ However, if pressure is modified through the
, Sudden pressure decrease data assimilation process regardless of
10000

ﬁ equilibrium condition, calculation becomes
unstable due to the following procedure.

Leads to extraordinary MH
generation <

(gas & water are consumed) My = 'E"qi":l [Féq — I.H)
5000 AT >
)@ﬁ% Leads to extraordinary MH @ Therefore, pressure cannot be modified in
dissociation gas & water appear) data assimilation in MH simulations.

Sudden pressure in€rease

Pressure (kPa)

Return

273 275 277 279 281 283 291
Temperature (K)

R&D Consortili IO Metiane HydrateinSant — —— e—— MHZ21-S




38

Generation of Initial Ensemble Members

Most likely There are three different well-log
Interpretation interpretations (min, max, and most
Min Interp. (Case C) Max Interp. likely) in the target reservaoir.
\/ \ 4 \/

Each ensemble member is Eenerated by interpolating

the two different well logs by using random value

between -1 and 1

) ' (D Generating random value between -1 and 1

@ Interpolating the two different well-log
interpretations (most likely- min or most likely —
max) based on the random value

)
»
= —-— _-_

Ensemble Member

return

MHZ21-S
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Case2B: Reference Model

3D Heterogeneous Model

MH Saturation : Laterally Heterogeneous

Abs. Perm & N : Laterally Homogeneous } Initial Effective Permeability: Laterally Heterogeneous

Cell Results
SH

1.000
0.850
0.700

0.550
0.450

0.300
0.150
0.000

Initial MH Saturation (K= 195 Layer)
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Case 2B Data Assimilation Settings

O Observation Data for DA, and Initial Ensembles of the Estimated Parameters
Data Acquisition Timing (permeability, permeability reduction index, MH Saturation)

Depth (m)

10 0 10
N_PERM-1 N_PERM2-1

@ Horizontal Absolute Permeability (k,, )

€ PTW1: Cumulative Gas/Water Prod. @ Vertical Absolute Permeability (k,, )
Pressure/Temperature @ Horizontal Permeability Reduction Index (N)
STW data was not included in this Case @ Vertical Permeability Reduction Index (N,)

T € MH Saturation (Sh)
O Data Acquisition Timing:

every 30 days until 240 days

R&D Consortiil
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Generation of the Initial Ensemble (MH Saturation)

.
@ Extracting MH saturation from the 100 HETERO1 Realization 4
Initial ME Saturation

realizations of the 3D Model along with the line
between PTW1 and GDW

@ Generating ensemble of MH saturation by
Interpolating the extracted value so as to match
the cell frame in the 2D radial model

PTW1 GDW

mean (SH, 1)

std (SH, 1)

850

MH Saturation Average of the 100 M tandard Deviation of the 0.14
(Reference) Ensemble Members 100 Ensemble Members 0.12
860 '
-0.10
865
470 -0.08
875 -0.06
880 0.04
885 0.02

890
100 50 100 150 200

Radius (m) Radius (m)

0.00




Case2B Results *
(Observation Data: PTW1 & GDW)

GDW

850 — - T - - -
1400 i
—_— Temperature Change Pressure Change
Sl S ess{ (After 240 Days) (After 240 Days)
£ E . ] j
= 5 ] . 1
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—~8 @ 250000 875 | /i i
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o 42 100000
= 3 885
5 2] 1 € 50000
g O
0 H 0 H |
0 100 200 300 0 100 200 300 89075 -3 -2 1 35 -30 -25 -20 -15 -10
day day dt_ GDW (K) dp_GDW (MPa)

Blue Lines: Initial Ensemble Results

Red Lines: Reference Result
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Case2B Results (Estimated Parameters)

Horizont ~ Vertical
al Perm. Perm. MH saturation is estimated well
Horizontal  Vertical Reductio Reduction MH MH at least at the production well
Saturation Saturation .
Abs. Perm. Abs. Perm. n Index Index @GDW @GDW location.
(Kabsh) (Kapsv) (N,,) (Ny)  (sH@PTw1) (SH@GDW)
850 T

B |
855 - (lf
860 1

865 1

Depth (m)
=]
=]
=]

8751

880

8851

890
10-?
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Red Lines:

Blue Lines:

Initial Ensemble

Reference Result

1.0 00 05 1.0
SH-131

101 10-2 10! 0 10 0 10 0.0 05
PERMI-1 (mD) PERMK-1 (mD)  N_PERM-1 N_PERM2-1 SH-1
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Case2B Results (Estimated MH Saturation)

Relatively high MH saturation trend at the
reference model is well reproduced by DA.

Refernece

50 100

Depth (m)

150

Heterol Realization 4

1

R&D Consortiil

200

850

855

860

865

870

875

880

885

890

mean (SH, 1)

Average of the Initial
Ensemble Memkbkeis

50 100 150
Radius (m)

std (SH, 1)

Standard Deviation of
the Initial Ensemble
Members

100
Radius (m)

200

0.14

0.12

+0.10

r0.08

+0.06

0.04

0.02

0.00

850

855

860

865

870

875

880

885

890

mean (SH, 5)

Average of the
Ensemble Memibers
After DA

100 150
Radius (m)

std (SH, 5)

Standard Deviation
of the Ensemble
Members after DA

100 150
Radius (m)

0.9
0.8

r0.7
+0.6
+0.5
r0.4
+0.3

0.2
0.1

0.14

0.12

+0.10

r0.08

r0.06
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Examples: Difference between model expected

N
o

o AT1-P Qw/AZ (Sm3/day/m) P Gradual
and measured/monitored gas/water production et | e L e
g p = AT1-P2 Qw/dZ (m3/d/m) k(ez,t,ignMsf,Z’)“ e e
- > | | /
and reservoir responses. §, | [rseion
E | Kepteonstaot P2: Gradual || ke. t constant
e et st B BGaD (Alpzswa) Ld,ra“’d"w” (§P=7MPa)
! GH dissociation- | ;g dréw:jao»:i ; increase ||
E origin water E % increase o\ 7
1 tmRzssosssssnoonsoos l ?) w P2:No MH ‘ o J‘f \|
.’l """ L"'."L """ ] '""'I: o dissociation /
' Once, AP is kept i & e / L ! b //
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% :_J ______ — . A decr.ease due to : 4 = \ ;
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% ; dissociation E (] -t — (b) AP: degree of drawdown (MPa)
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= o \‘/ / ‘1 ’ ‘ 2 drawdown \ \
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5 ) 2 3 = 2 6 / 8 9 10 8 “ P2:No MH s . L{ o
N dissociation 712 7%
Degree of drawdown (AP) §_ o 74 % ‘ § -
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Theoretically expected vs. measure gas/water production rates with ——F /" & o9 &
{ S - o 4
degree of drawdown B e W
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